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ABSTRACT: The development of low-dimensional (LD) supra-
molecular materials with multifunctional electrocatalytic properties
has sparked the attention of the catalysis community. Herein, we report
the synthesis of a new class of 0D−2D heterostructures composed of
boron carbon nitride nanosheets (BCN NSs) and fullerene molecules
(C60/F) that exhibit multifunctional electrocatalytic properties for the
hydrogen evolution/oxidation reactions (HER/HOR) and the oxygen
evolution/reduction reactions (OER/ORR). The electrocatalytic
properties were studied with varying F:BCN weight ratios to optimize
the intermolecular electron transfer (ET) from the BCN NSs to the
electron-accepting C60 molecules. The nanohybrid supramolecular
material with 10 wt % F in BCN NSs (10% F/BCN) exhibited the
largest Raman and C 1s binding energy shifts, which were associated
with greater cooperativity interactions and enhanced ET processes at the F/BCN interface. This synergistic interfacial phenomenon
resulted in highly active catalytic sites that markedly boosted electrocatalytic activity of the material. The 10% F/BCN showed the
highest tetrafunctional catalytic performance, outperforming the OER catalytic activity of commercial RuO2 catalysts with a η10 of
390 mV and very competitive onset potential values of −0.042 and 0.92 V vs RHE for HER and ORR, respectively, and a current
density value of 1.47 mA cm−2 at 0.1 V vs RHE with an ultralow ΔGH* value of −0.03 eV toward the HOR process. Additionally, the
10% F/BCN catalyst was also used as both cathode and anode in a water splitting device, delivering a cell potential of 1.61 V to
reach a current density of 10 mA cm−2.

1. INTRODUCTION

Low-dimensional catalytic materials have recently impacted the
scientific community as promising functional building blocks
to construct highly efficient supramolecular nanoscale
structures for water electrocatalysis.1,2 A wide portfolio of
heterostructures can be obtained from the noncovalent
integration of 0D, 1D, and 2D nanomaterials into 0D−1D,
0D−2D, 1D−2D, and 2D−2D hybrids to achieve sustainable
alternatives for advanced electrocatalytic systems.3 The
electronic structures and catalytic performances of supra-
molecular nanoassemblies have been starting to be tailored by
controlling the interfacial interactions between their compo-
nents, thus paving the way toward a new generation of tunable
molecular electrocatalysts.4,5 Among them, the noncovalent
heterostructures based on metal-free carbon nanomaterials are
gaining special interest due to their unique physicochemical
properties such as large surface areas, excellent electronic and
mechanical properties, and their affordable prices,6 which allow
them to compete with the traditional noble-metal-based
electrocatalysts. In addition, noble-metal-based electrocatalysts
often undergo several problems associated with their high

prices, susceptibility to CO poisoning, low durability, and
selectivity, which obstruct their applications for fuel cell
technologies.6 Therefore, it is of utmost interest to develop
highly stable and durable metal-free carbon-based electro-
catalysts with higher electrochemical activities for a sustainable
future.
Remarkably, some new non-metal-based catalysts have

exhibited excellent activities for oxygen and/or hydrogen
electrochemistry under a broad range of pH, outperforming by
far the catalytic activity and the long-term electrochemical
stability properties of conventional benchmark catalysts,
including Pt and RuO2.

4 For instance, experimental and
theoretical studies have confirmed that the high catalytic
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activities of low-dimensional heterostructures such as 0D−1D
graphene quantum dots/graphene nanoribbons7 and 1D−2D
CNT/graphene8 are ascribed to the efficient intramolecular
charge transfer processes between their intimately contacted
components, which result in abundant and highly accessible
catalytic active sites. Among the most promising metal-free 2D
platforms to fabricate supramolecular hybrid electrocatalytic
nanomaterials, boron carbon nitride nanosheets (BCN NSs)
have the desirable physicochemical properties of both 2D
hexagonal boron nitride (h-BN) and graphene.9−12 They can
also act as high-performance nanoplatforms for energy-related
purposes due to their unique electrical conductivity, mechan-
ical and chemical stability, and the synergistic N and B
heteropolar bonding contribution, which can increase the
electroactivity rates.13−17 Up to now, BCN nanostructures
have achieved notable results in oxygen reduction (ORR) and
hydrogen evolution (HER) reactions, delivering excellent
yields in both alkaline and acid solutions.18,19

Despite these remarkable results, the electrocatalytic
performance of BCN nanosheets and other emerging nonmetal
2D nanomaterials have not been improved yet because their
electronic, physical, and chemical properties are confined in a
2D structure, and the number of catalytic centers as well as
their intrinsic performances cannot be easily tailored, thus
limiting their further applications for electrocatalysis.2 There-
fore, the interface engineering of 2D nanostructures with other
LD architectures could expand their potential to develop new
nano-electrocatalytic systems. In this sense, the short-range
interfacial interactions of two LD materials can promote plenty
of high-speed electron pathways and a simultaneous electronic
coupling, thus speeding up the ET processes at the interface as
well as optimizing the energy adsorption states of the
intermediate catalytic species.1,6 Buckminsterfullerene (C60)
is a 0D carbon structure that exhibits extraordinary electron-
accepting properties and high affinity to construct supra-
molecular assemblies, thus becoming strong candidates to
build efficient multifunctional metal-free hybrid electro-
catalysts.1,20−22 The integration of C60 molecules into the
BCN network could generate new tunable interfacial active
sites as a consequence of the electronic flow between both LD
materials, thus boosting the electrocatalytic properties of the
assembled materials compared with their individual compo-
nents.
To the best of our knowledge, no report of supramolecular

boron carbon nitride and fullerene-based nano-heterostruc-
tures for high-performance electrocatalysis has been published.
In this work, we fabricated a novel class of supramolecular
metal-free and low-dimensional 0D−2D nanohybrids using
zero-dimensional C60 molecules and two-dimensional BCN
nanosheets. The 0D−2D nanohybrids were constructed by
varying the F/BCN weight ratios (5% F/BCN, 10% F/BCN,
20% F/BCN, and 30% F/BCN) to form nonmetallic
multifunctional electrocatalysts for HER, HOR, OER, and
ORR reactions that exhibit better electrocatalytic properties
compared to their individual components. The multifunctional
electrocatalytic activity of F/BCN nanoassemblies was finely
tuned with the local structural defects at the 0D−2D interfaces.
The fullerene/BCN interfacial interactions induced slight
distortions on the planar sp2 BCN surfaces, allowing the
electronic coupling between the BCN NSs and fullerenes and
the formation of interfacial catalytic sites. Importantly, XPS
and Raman experiments also demonstrated that the effective-
ness of the electronic coupling depends on the weight

percentages of the fullerene molecules, which markedly
influence the intrinsic catalytic activity of the interfacial
catalytic sites and, in turn, the overall multifunctional
electrocatalytic performances of the 0D−2D catalysts. This
report provides a deep insight into the structure/catalytic
function of C60-BCN via a thorough combination of theory
and experiment.

2. EXPERIMENTAL SECTION
2.1. Materials. All reagents were purchased and used as received

without any further purification. Poly(ethylene glycol) (PEG), boric
acid (H3BO3), urea, fullerene (C60/F), ethanol, isopropyl alcohol
(IPA), sodium hydroxide, sulfuric acid, phosphate-buffered saline
(PBS), Nafion solution (5 wt %), Pt/C (20%), and ruthenium oxide
(RuO2) were purchased from Sigma-Aldrich. Deionized water (DW,
18 MΩ/cm) was obtained from the Milli-Q instrument.

2.2. Synthesis of F/BCN Electrocatalysts. Initially, the boron
carbon nitride nanosheet precursors were prepared to obtain the
desired F/BCN electrocatalysts. Urea (10 g), boric acid (0.3 g), and
PEG-2000 (2 g) were first dissolved in 60 mL of water in a 100 mL
beaker under continuous stirring until a transparent solution was
observed. The solution was then dried in an oven at 80 °C for 12 h.
Subsequently, the obtained solid was carbonized at 900 °C with a 5
°C/min for 4 h under an argon atmosphere. The black powder (BCN
NSs) was collected after the tubular furnace cooled to room
temperature. For making the F/BCN electrocatalysts, 50 mg of
BCN NSs powder was placed in a beaker, mixed with 20 mL of IPA,
and sonicated for 30 min. Considering that the IPA is soluble in
toluene, a fullerene solution in toluene (from 5 to 30 wt %) was then
added slowly to the BCN NSs solution and then bath sonicated for 30
min to form the F/BCN nanohybrids. The nanohybrids were then
collected by centrifugation followed by washing with toluene and
water several times and then dried at 70 °C for overnight in a vacuum
oven.

2.3. Materials Characterization. X-ray diffraction (XRD)
patterns of the electrocatalysts were recorded on a Bruker D8
Discover X-ray diffractometer. The morphological analysis of the
nanohybrids was performed on a transmission electron microscope
(Tecnai G220, FEI, Hillsboro, OR) and on a high-angle annular dark-
field scanning transmission electron microscope (HAADF-STEM) at
200 kV, and elemental analyses were conducted by using an energy-
dispersive spectrometer (EDS) which was equipped with the STEM
instrument. The surface chemical analysis of the nanohybrids was
done by X-ray photoelectron spectroscopy on a Kratos Axis
spectrometer (Ultra DLD XPS Kratos, Manchester, UK). The
Raman spectroscopic study of the nanohybrids was recorded by
using a DXR Smart Raman instrument (Thermo Scientific) under
diode laser excitation of ∼532 nm.

2.4. Electrochemical Measurements. The electrochemical
measurements were done by using a three-electrode system on an
electrochemical workstation. A glassy carbon, a graphite rod, and Ag/
AgCl were used as the working, counter, and reference electrodes,
respectively. To prepare the catalyst ink for the working electrode, 1
mg of the F/BCN nanohybrids and 30 μL of Nafion solution (5 wt
%) were dispersed in 1 mL of ethanol. The slurry was then bath
sonicated for 30 min to form a homogeneous ink. Afterward, 10 μL of
the catalyst ink was deposited on the working electrode and dried in
air. All electrodes were made by depositing the same amount of
catalyst ink on the working electrode by using the same methodology.
Linear sweep voltammetry (LSV) measurements were performed at a
scan rate of 2 mV s−1 in an electrolyte solution (0.5 M H2SO4 for
HER and HOR processes, 0.5 M NaOH for OER and ORR
processes). The mass activity (MA), specific activity (SA), and
turnover frequency (TOF) values were calculated at −0.4, 1.7, and
0.65 V for the HER, OER, and ORR processes, respectively. The
overall water splitting experiments including the fabrication of carbon
cloth electrodes were conducted following a previously reported
method.23 All the voltage values were referenced to the reversible
hydrogen electrode (RHE) by using the following equation:24
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= + +E E 0.197 V 0.059pHRHE Ag/AgCl (1)

Afterward, the following Tafel equation was used to calculate the
Tafel slope to investigate the electrocatalytic performances as well as
the kinetics of the HER/OER/ORR processes24

η = +a b jlog (2)

where j, η, a, and b are the current density, overpotential, transfer
coefficient, and Tafel slope, respectively.
A glassy carbon disc (5 mm in diameter, Pine Instruments

Company) was used as the working electrode in the rotating disc
electrode (RDE) experiments. All electrochemical measurements
were conducted within a potential range from 0.1 to −0.60 V vs Ag/
AgCl at a scan rate of 10 mV s−1. All potentials were referenced to the
RHE. The kinetic parameters were assessed by using the following
Koutecky−Levich (K−L) equations24,25

ω
= + = +

J J J B J
1 1 1 1 1

L K
1/2

K (3)

= −B nFC D v0.20 O O
2/3 1/6 (4)

where J, JK, and JL are the measured, kinetic-limiting, and diffusion-
limiting current densities, respectively; n is the transferred number of
electrons for the ORR process, ω is the angular velocity, F is the
Faraday constant, CO is the bulk concentration of oxygen (1.2 × 10−6

mol cm−3), ν is the kinematic viscosity of the electrolyte (0.01 cm2

s−1), and Do represents the oxygen diffusion coefficient which exhibits
a value of 1.9 × 10−5 cm2 s −1.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. In a typical synthetic
process, a F/toluene solution was gently injected into a BCN
NSs/IPA solution under constant bath sonication. This formed
a dark brown interface in between the two liquid phases,
indicating the formation of the F/BCN nanohybrids. The
diffusion of both components from their respective solutions
led to the formation of the interface. The attachment of
fullerene molecules onto the BCN NSs surfaces occurs via a
π−π stacking interaction. Finally, the fullerene-decorated BCN
NSs can be obtained by centrifugation of the solution. The
schematic diagram for the synthesis of F/BCN nanohybrids is
presented in Figure 1A.
The BCN NSs and F/BCN nanohybrid samples were

characterized by X-ray powder diffraction (XRD), and the
results are presented in Figure 1B. The XRD pattern of BCN
NSs displayed two characteristic bands at around 25° and 44°,
which typically represent the 002 and 101 interlayer reflections
of the BCN, respectively.26 On the other hand, the XRD
pattern of F/BCN nanohybrids showed several diffraction
peaks at around 10.83°, 17.72°, 20.76°, 21.70°, 27.56°, 28.23°,
30.94°, and 32.86°, which correspond to the (111), (220),
(311), (222), (331), (420), (422), and (511) diffraction
planes of F, respectively, in addition to showing the diffraction
pattern of BCN as well.4,27 Upon the interaction of F with
BCN NSs, the BCN diffraction peak (002) is slightly shifted to

Figure 1. (A) Schematic representation of the synthesis of F/BCN nanohybrids. (B) XRD analysis of the nanohybrids. (C−F) XPS survey spectra,
high-resolution XPS B 1s, C 1s, and N 1s spectra of 10% F/BCN nanohybrid, respectively. (G) Comparison of C 1s spectra for F, 5% F/BCN, 10%
F/BCN, 20% F/BCN, and 30% F/BCN nanohybrids.
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∼25.5°. The XRD spectra of all F/BCN nanohybrids in Figure
1B show a higher degree of crystallization, suggesting a good
charge mobility as well as electrochemical stability. The XRD
patterns demonstrated that the fullerenes had been successfully
incorporated onto the BCN NSs surface.
Raman spectroscopy is a nondestructive and fast technique

that can provide insightful information about the lattice and
electronic structures of carbon-based nanomaterials.4 Raman
spectra of the BCN NSs, pristine F, and F/BCN nanohybrids
are presented in Figure S4. The BCN NSs display two sharp
peaks at around 1345 and 1588 cm−1 for the D- and G-bands,
respectively.19 Generally, the D-band reflects the defects or
lattice distortion of the carbons, while the G-band represents
the graphitic and crystallization degree of the carbon-based
materials.4,19 The Raman spectra of F shows a sharp peak at
around 1466 cm−1, which is characteristic for the fullerene
molecule due to the pentagonal pinch mode Ag(2).

5,28 On the
other hand, the F/BCN nanohybrids showed the presence of
all three Raman bands (D- and G-band for BCN NSs and
pentagonal pinch Ag(2) mode for fullerene) with a slight shift,
indicating the successful synthesis of F/BCN hybrids. For
instance, the G-band for BCN NSs shifts from 1588 to 1598

cm−1 for the 10% F/BCN hybrid, demonstrating a charge
transfer from the BCN NSs to the fullerene.4,28,29 The intensity
ratio of the D- to G-band (ID/IG) was also calculated and
found to be 0.971, 1.014, 1.046, 0.996, and 0.994 for the BCN,
5% F/BCN, 10% F/BCN, 20% F/BCN, and 30% F/BCN,
respectively. While the upshift of the peak positions supports
the charge transfer process from BCN NSs to the electron-
accepting F, the increase in the ID/IG values for F/BCN
nanohybrids demonstrates that the nanosheet structure
became a little more disordered.4 Interestingly, the 10% F/
BCN nanohybrid displayed the highest ID/IG value among all
the nanohybrids, indicating the presence of more structural
defects, and the shift in the G-band is also higher, suggesting
that the charge transfer process is more favored, which could
lead to better electrocatalytic performance.4,24 On the basis of
the findings from the Raman analysis, it was confirmed that F
was successfully attached to the BCN NSs, and charge transfer
occurred between the BCN NSs and the fullerene molecules.
X-ray photoelectron spectroscopic (XPS) measurements

were conducted to verify the intermolecular charge transfer
process between the BCN NSs and fullerene molecules that
was observed by the Raman analysis as well as to elucidate the

Figure 2. (A−E) STEM images of BCN NSs, 5% F/BCN, 10% F/BCN, 20% F/BCN, and 30% F/BCN nanohybrids, respectively. (F−K) High-
angle annular dark field (HAADF) STEM image and elemental mapping of 10% F/BCN, showing the presence of B, C, N, and O.
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chemical compositions. The results are presented in Figure
1C−F. As expected, it was found that the 10% F/BCN
nanohybrid contained B, C, N, and O elements with sharp XPS
bands (Figure 1C). The XPS analysis also clearly confirmed
the absence of any metal content in the 10% F/BCN sample,
demonstrating the metal-free nature of the sample. To further
elucidate the chemical nature of the 10% F/BCN nanohybrid,
the high-resolution XPS spectra of B, C, and N were inspected.
As seen in Figure 1D, the high-resolution B 1s spectra could be
deconvoluted into three different peaks for B−N, B−C, and
B−O bonds.19,30 Furthermore, the deconvolution of the C 1s
band shows four types of peaks indicating the presence of B−
C, C−N, sp2 (CC), and O−CO (Figure 1E).19,30−32 The
higher content of sp2 (CC) suggests that the CC bonds
dominate for the BCN NSs conjugated framework. Moreover,
the high-resolution N 1s spectra were deconvoluted into four
peaks that correspond to the graphitic N, pyrrolic N, pyridinic
N, and C−N−B (Figure 1F).31,33 Remarkably, there is a very
significant content of pyridinic N and C−N−B, inferring that a
higher number of ORR electroactive sites exist in the 10% F/
BCN nanohybrid.19 The peak position of C 1s XPS spectra for
F/BCN hybrids showed a negative shift to the lower binding

energies (BE) as compared to the C 1s spectra of pure
fullerene, indicating the existence of intermolecular charge
transfer processes from the BCN NSs to F (Figure 1G).4 The
shift of the XPS band toward the lower BE values demonstrates
the progressive distortion of the sp2 BCN planar structure,
which increases the electronic coupling between F and BCN
NSs at the same time. Notably, the negative shift of the C 1s
spectra (284.63 to 284.33 eV) for the 10% F/BCN hybrid is
higher than for the other samples, indicating that the
intermolecular charge transfer process is more pronounced
for the 10% F/BCN hybrid, which can improve its electro-
catalytic activity.4 This observed intermolecular charge transfer
trend is also in good agreement with the findings from the
Raman analysis.
The UV−vis spectra of F and 10% F/BCN were also

obtained, and the results are presented in Figure S5. The UV−
vis spectrum of F displayed a characteristic band at around 328
nm, which is usually results from the π−π electronic
transitions.34 The red-shift in the band located at around
328 nm is associated with the interactions between F and the
other molecules, and therefore this band is a key indicator for
the interactions of F with aromatic rings.35 The π−π stacking

Figure 3. (A) Representative HER LSVs for F, BCN, 5% F/BCN, 10% F/BCN, 20% F/BCN, 30% F/BCN, and commercial Pt/C at 2 mV s−1 in
0.5 M H2SO4. (B) The corresponding Tafel plots. (C) Free energy changes (ΔGH*) of H adsorption on F, BCN, and their nanohybrids. (D)
Volcano plots of onset potential vs ΔGH* for the hybrid catalysts. (E) Differences of anodic and cathodic current densities vs scan rates of the
catalysts at 0.2 V vs RHE. (F) ECSA normalized HER LSV curves for F/BCN nanohybrids. (G) MA and SA trends for F, BCN, and their hybrids.
(H) Steady-state polarization curves for F, BCN, and their nanohybrids for HOR in H2-saturated 0.5 M H2SO4. (I) Chronoamperometric plots of
10% F/BCN for HER and HOR (inset) at −0.35 and 0.09 V vs RHE, respectively.
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of F and BCN NSs likely delocalizes the π-electron system and
thereby reduces the required energy for the electronic
transitions. The band at 328 nm for F shifts to 335 nm for
10% F/BCN, demonstrating that the F is successfully attached
to the BCN nanosheets, and the π−π interactions significantly
facilitate the formation of F/BCN nanohybrids. Scanning
transmission electron microscopic (STEM) analyses were
conducted to further investigate the microstructure of the
BCN NSs and F/BCN nanohybrids, and the images are
presented in Figure 2A−E. BCN NSs display a smooth and
sheetlike structure without particles on their surfaces (Figure
2A).19 By contrast, the morphological analysis of the 5% F/
BCN and 10% F/BCN nanohybrids in Figure 2B,C reveals that
some fullerene molecules are uniformly dispersed on the
surface of BCN NSs. As indicated by the yellow arrows in
Figure 2B,C, the F molecules with sizes ∼0.9 nm are
distributed on the BCN nanosheet layers. There were no
apparent differences in the F size when the F concentration
was increased from 5 to 10%, which could be due to the fact
that changing of F concentration from 5% to 10% might not
facilitate fullerene aggregation.36 Furthermore, the F-decorated
BCN nanosheets prepared at higher F concentrations (20%
and 30%) showed big clusters of fullerene molecules on the
BCN nanosheet surfaces (indicated by the yellow arrow) with
broader size distributions compared to the ones prepared at
lower concentrations (5% and 10%), as seen in Figure 2D,E.
The increase in the agglomerated fullerene domains for the
20% F/BCN and 30% F/BCN composites should have
resulted from the higher F concentration, which tends to
create larger seeds for the nanoparticle growth.36,37 On the
other hand, the F/BCN composites with lower F concen-
trations (5% and 10%) displayed single- or few-layered
structures that likely result from the attached fullerene
molecules, which serve as spacers and can effectively prevent
the BCN nanosheets from restacking and agglomeration
during the processing in solution. However, agglomerated or
multilayered structured BCN NSs were observed in the case of
higher F-containing nanohybrids (20% and 30%), where the
clusters of F molecules formed on the BCN surfaces cannot
effectively prevent the BCN NSs from restacking or
agglomeration as seen in Figure 2D,E and thus can impact
the electrocatalytic performances negatively. The STEM-EDS
elemental mapping verified the presence of all of the expected
elements (B, C, N, and O) and also showed that all the
elements are distributed evenly on the nanosheets, as seen in
Figure 2F−K.
3.2. Hydrogen Evolution and Oxidation Reactions.

We explored the catalytic function of the F/BCN nanohybrids
for hydrogen evolution and oxidation reactions using a
combination of experimental and theoretical techniques to
obtain a comprehensive understanding of the correlation
between the structural properties of the hybrids, particularly
the interfacial 0D−2D interactions and their electrocatalytic
performances. The LSV polarization curves of the HER
process in 0.5 M H2SO4 solution were recorded for F, BCN,
5% F/BCN, 10% F/BCN, 20% F/BCN, and 30% F/BCN as
well as for the Pt/C benchmark, and the results are shown in
Figure 3A. Notably, the incorporation of the fullerene
molecules on the top of BCN NSs resulted in the formation
of very active electrocatalysts with higher electrocatalytic rates
that exceed the catalytic activity of their individual
components, thus suggesting that the interfacial interactions
enhance the HER electrocatalytic activity of the low-dimen-

sional nanohybrids. While the onset potential for F and BCN
NSs were estimated to be −0.529 and −0.394 V vs RHE,
respectively, the nanohybrid structures achieved enhanced
HER onset potentials of −0.144, −0.042, −0.276, and −0.342
V vs RHE for 5% F/BCN, 10% F/BCN, 20% F/BCN, and 30%
F/BCN, respectively. To investigate the kinetics of the HER
process, we calculated the Tafel slopes for each catalyst using
the Tafel equation (eq 2) from the respective LSV polarization
curves in Figure 3A. The Tafel slopes showed the same
electrocatalytic trend (Figure 3B). The hybrids resulted in
lower Tafel slopes (153, 87, 164, and 177 mV/dec for 5% F/
BCN, 10% F/BCN, 20% F/BCN, and 30% F/BCN,
respectively) compared with those for F (275 mv/dec) and
BCN NSs (250 mV/dec), indicating that the fullerene/BCN
interfaces improve the electrokinetics of the HER process as
well. Lower Tafel slopes indicate better HER kinetics; thus, the
10% F/BCN nanohybrid displayed the best HER kinetics
among the systems studied (Figure 3B). The mechanism of the
F/BCN nanohybrid mediated HER processes in acidic media
can be described by three possible steps. The first step is
known as the Volmer step, in which a hydrogen atom is
adsorbed on the catalyst surface.24

+ + → − ++ −H O e F/BCN F/BCN H H O3 ads 2 (5)

The Volmer step is followed either by the Heyrovsky step
(electrochemical desorption)

− + + → +− +F/BCN H e H F/BCN Hads 2 (6)

or the Tafel step (chemical desorption)

− → +2F/BCN H 2F/BCN Hads 2 (7)

The theoretical Tafel slopes of Tafel, Heyrovsky, and Volmer
reactions are 30, 40, and 120 mV/dec, respectively.25 The
obtained Tafel slope for 10% F/BCN suggests that the 10% F/
BCN-mediated HER reaction follows a Volmer−Heyrovsky
mechanism, with the Heyrovsky step being the rate-
determining one.
The superior catalytic performances of the hybrid supra-

molecular architectures can be ascribed to the interfacial
synergism between the components that promote the
intermolecular electron transfer (ET) from the 2D BCN
nanosheets to the electron-accepting fullerenes, thus leading to
a net negative charge density on the fullerene cages and
thereby favoring the proton adsorption step and the overall
HER activity.4 The lone pair electrons on the N atoms interact
with the vacant 2pz orbitals of the B atoms on the BCN
framework, which inhibits electronic conjugation with the π-
systems.38 But the distortion of the planar sp2 BCN network
induced by the fullerene interactions slightly elongates the B−
N distances, which enhance the electronic coupling of the N
lone pair electrons with the π clouds delocalized around the
fullerene structure,38 thus allowing an effective electronic
coupling between the BCN and fullerene molecule. As a result,
the electrons gathering at the fullerene surfaces create very
active interfacial catalytic sites that can optimize the energy
adsorption states of the intermediate catalytic species, thus
enhancing the electrocatalytic HER activity. As stated in the
characterization section using the ID/IG ratios, the number of
structural defects follows the trend 10% F/BCN > 5% F/BCN
> 20% F/BCN > 30% F/BCN, which matches perfectly with
both the XPS shifts to lower binding energies and the
electrocatalytic rates, indicating that the interfacial defects on
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the catalysts regulate the efficiency of the ET process as well as
the HER catalytic rates. Furthermore, the 5% F/BCN and 10%
F/BCN catalysts, which are by far the best catalytic
nanomaterials, show a very well-dispersed fullerene distribu-
tion pattern on the BCN surfaces (see STEM pictures). The
uniform fullerene distribution hinders the restacking of the
BCN NSs, providing more exposed active sites as well as
higher electronic conductivity throughout the nanosheet
network. It can favor both the distortion of the heteroatom
groups of the sp2 carbon framework and the intermolecular
charge-transfer rates, giving rise to ultraactive catalytic spots at
the F/BCN electrochemical interfaces. In contrast, the
aggregation of fullerenes for the 20% and 30% F/BCN hybrid
samples allows the restacking of the BCN NSs, thus reducing
the number of exposed active sites, surface defects, and ET
processes, thereby resulting in a lower catalytic activity for the
HER process. Besides, the accessibility of the protons to the
active sites of the aggregated fullerene/BCN interfaces would
be strongly impeded, thus decreasing the overall catalytic
activity. It is also worth noting that the 10% F/BCN
nanohybrid surpassed by far the electrocatalytic activity of
the 5% F/BCN, showing an onset potential of −0.042 V vs

RHE and a η10 of 222 mV, which places it between the most
efficient metal-free carbon-based low-dimensional HER
catalysts reported to date (Table S5). We believe that the
optimal interfacial interactions for the 10% F/BCN hybrid
provide higher structural defects that trigger an effective
intramolecular ET and therefore more efficient active sites for
HER.39

To gain further insights into the activity of the F/BCN
hybrids, we employed density functional theory (DFT)
calculations (see details in the Supporting Information) to
obtain the ΔGH* values at the different F/BCN interfaces,
which is an excellent descriptor to measure how the catalyst
surfaces can thermodynamically impact the HER electro-
catalysis. For the HER, in principle, the free energy of
hydrogen adsorption (ΔGH*) for an ideal catalyst should be
zero.24 As we can see from Figure 3C, the value of ΔGH*(0.03
eV) for 10% F/BCN is the closest to zero, in agreement with
the best HER performance. As the amount of F increases, the
binding strength of the H on the active sites becomes stronger,
which promotes slower kinetics for the catalysts. The volcano
catalytic trends (Figure 3D) also showed that the 10% F/BCN
nanocatalyst is located at the maximum of the peak, reinforcing

Figure 4. (A) OER LSV polarization curves for F, BCN, 5% F/BCN, 10% F/BCN, 20% F/BCN, 30% F/BCN, and RuO2 benchmark catalyst at 2
mV s−1 in 0.5 M NaOH. (B) Their respective Tafel plots. (C) Differences of anodic and cathodic current densities vs scan rates at 1.2 V vs RHE.
(D) LSV polarization curves normalized by ECSA for the F/BCN catalysts. (E) Comparison of intrinsic OER catalytic activities in terms of MA
and SA. (F) OER LSVs normalized by the TOF for all F/BCN nanohybrids. (G) changes in Gibbs free energy of each elementary reaction step
toward OER for both BCN and LD hybrids. (H) The volcano plots of ηOER vs ΔG*O. (I) chronoamperometric measurement of 10% F/BCN at
1.70 vs RHE and the comparison of LSV curve before and after 1000 CV cycles (inset).
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that this catalyst shows the most efficient catalytic rates. The
electrochemical active surface area (ECSA) of the nanohybrids
were further calculated by using the double-layer capacitance
methodology to verify the HER performance (Figure 3E and
Figure S1).39 The cyclic voltametric measurements were
performed at different scan rates (5, 10, 20, 30, 40, and 50
mV/s) and potentials ranging from 0.1 to 0.3 V vs RHE. The
differences between the anodic and cathodic currents at the
non-faradaic region of the CV curves were plotted against the
scan rates (mV/s) to obtain the Cdl (mF cm−2) values. The Cdl
for 10% F/BCN (5.55 mF cm−2) was the largest value among
all the catalysts as well as the ECSA (138.75 cm2) and the RF
(1982) (Table S1). The higher ECSA of 10% F/BCN
demonstrates the existence of more available active sites on
its surface, which is also responsible for the pronounced HER
activity.23 The current densities were also normalized by the
measured ECSAs to investigate the intrinsic catalytic activity,
and it was clear that the 10% F/BCN displayed the best
performance in terms of onset potential and η10 (Figure 3F).
The LSVs were then normalized by the TOF, and the 10% F/
BCN nanohybrid still exhibited the best performance (Figure
S6). Additionally, the higher turnover frequency (2.63), mass
activity (137.97), and specific activity (0.14) values confirmed
the best intrinsic catalytic properties of 10% F/BCN
nanohybrid (Figure 3G and Table S2). As expected, the
factors influencing the remarkable HER activity also played a
crucial role toward the hydrogen oxidation reaction (HOR).
Figure 3H compares the steady-state polarization curves of the
F, BCN, and their nanohybrids in a H2-saturated 0.5 M H2SO4
solution. Similar to HER, the electrocatalytic HOR perform-
ance follows the same order of 10% F/BCN > 5% F/BCN >
20% F/BCN > 30% F/BCN, being the 10% F/BCN best for
HOR reaction as well. Particularly, the 10% F/BCN catalyst
produced the largest current density value at 0.1 V (1.47 mA
cm−2). These findings are in good agreement with the
theoretical ΔGH* value of −0.03 eV (as the HOR is the
reverse of the HER), which reinforces that 10% F/BCN is the
most active HOR catalyst.40,41 Stability is also a key factor for
evaluating the performance of electrocatalysts toward the HER
and HOR processes for practical applications.40,41 As seen in
Figure 3I, the 10% F/BCN electrocatalyst displayed very good
long-term stability for the HER reaction with the current
density remaining almost unchanged after 12 h of operation
and showed even better electrochemical stability performance
that the benchmark Pt/C (Figure S7). The 10% F/BCN
electrocatalyst also exhibited similar long-term stability
performance during the HOR reaction (Figure 3I: inset). We
have performed the UV−vis analysis of the 10% F/BCN
nanohybrid sample before and after the stability test to verify if
there any change in the π−π interaction between the fullerene
molecule and BCN network (Figure S8), and no significant
changes were observed.
3.3. Oxygen Evolution and Reduction Reactions. The

water oxidation electrocatalytic activity of the F/BCN hybrids
was then evaluated in alkaline media (0.5 M NaOH) by using a
standard three-electrode setup. The individual components (F
and BCN) and a commercial RuO2 catalyst were also studied
and compared with the hybrids. Figure 4A displays the linear
sweep voltammetry curves of the electrocatalysts at a scan rate
of 2 mV s−1. The dotted lines in Figure 4A indicate the
overpotentials required to reach the current density of 10 mA
cm−2, which is used as a crucial figure of merit for OER
catalytic materials.24 Among all the studied materials, only 5%

F/BCN, 10% F/BCN, and the RuO2 benchmark catalyst
achieved a η10 value. The 10% F/BCN dramatically surpassed
the performances of all the materials tested. While the 10% F/
BCN hybrid requires 390 mV to reach the current density of
10 mA cm−2, the benchmark RuO2 catalyst requires 410 mV.
The remarkable catalytic activity and kinetics were further
reflected by the Tafel slopes.24 As shown in Figure 4B, the 10%
F/BCN composite showed the lowest Tafel slope of 79 mV/
dec, indicating the superior OER kinetics on the catalytic
surfaces.24 In summary, this new electrocatalyst is comparable
with the state-of-the-art nonmetallic hybrid catalysts, and it is
also comparable to the more kinetically active candidates for
the OER process (Table S6).
The outstanding catalytic properties of 10% F/BCN can be

understood on the basis of the unique electronic flow at the
interfacial regions. As was described in the HER section, the
interfacial interactions and defects are strongly connected with
the intermolecular ET at the 0D−2D interfaces. For the 10%
F/BCN hybrid, the distorted heteroatom motifs that are in
contact with the fullerenes activate a very strong unidirectional
electronic coupling from the lone pair electrons of the nitrogen
atoms to the F cages, thus generating positive charges at the N
atoms that can behave as highly efficient active sites for oxygen
electrochemistry.42 To demonstrate the effectiveness of 10%
F/BCN hybrid in alkaline media (OER condition), we
performed the electrochemical double-layer capacitance
measurements (Figure 4C and Figure S2).24 Figure 4C
displays the Δj vs scan rate plot of the catalysts obtained at
1.2 V vs RHE. From these plots, the double-layer capacitance
(Cdl) at the electrochemical interfaces as well as the ECSA and
RF were calculated. Importantly, the 10% F/BCN catalyst
delivered values of 4.61 mF cm−2, 115 cm2, and 1646 for Cdl,
ECSA, and RF, respectively, which are much higher than those
of the other F/BCN hybrids. These results demonstrate that
the remarkable ET from the interfacial N atoms to the
fullerenes induce the formation of the highest number of
electrochemically active sites for OER. To unravel the intrinsic
catalytic activity, the LSV plots of the catalysts were
normalized by the corresponding ECSA values (Figure 4D).
The 10% F/BCN catalyst still exhibits the lowest OER onset
potential value (1.46 V vs RHE), indicating that its interfacial
active sites initiate the water oxidation process more efficiently
than the catalytic centers of the other hybrids. The improved
SA and MA values of the 10% F/BCN are additional indicators
that verify its superior intrinsic OER catalytic activity (Figure
4E and Table S3). The turnover frequency of 10% F/BCN at
1.7 V was estimated to be 1.14, which is 2 times better than the
second-best electrocatalyst (5% F/BCN), revealing that the
number of oxygen molecules produced by each catalytic center
is optimal for the 10% F/BCN (Figure S3). The higher
intrinsic catalytic performances of the 10% F/BCN nanoma-
terials was further confirmed by the TOF normalized current
density vs potential plots (Figure 4F).
In-depth insights were obtained from the Gibbs free energy

diagrams of the 0D−2D catalysts (Figure 4G). It is important
to point out that the third step (*O → *OOH) is the rate-
limiting step for the OER process for all the F/BCN
composites.24 We found that the local interactions as well as
the pronounced intermolecular ET between the fullerenes and
the BCN NSs for the 10% F/BCN system decrease the uphill
energy states toward the formation of catalytic intermediates,
thus facilitating water oxidation. In this regard, the O*, OH*,
and OOH* intermediate catalytic species exhibited the most
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energetically favorable ΔG values, which are 2.3, 1.8, and 4.22
eV, respectively, as well as a desirable rate-limiting potential of
0.69 eV, which is the lowest value among all the catalysts.24

This is attributed to the moderate interaction between the
reaction intermediates and the 10% F/BCN, leading to the
best catalytic activity for the OER process. It is also worth
pointing out that the 10% F/BCN nanohybrid is located at the
top of the volcano curves, confirming the previous findings
(Figure 4H). The durability of the 10% F/BCN catalyst was
investigated for the OER process by performing 1000 CV
cycles at 50 mV/s. A LSV measurement was performed right
after the CV measurements and compared with the initial LSV
measurement to examine the durability (Figure 4I: inset). It
was observed that the current density change between the two
LSVs was insignificant, demonstrating the excellent durable
nature of the catalyst. Chronoamperometric measurements
were further conducted to confirm the stability of 10% F/BCN
for 12 h. Interestingly, the 10% F/BCN catalyst retained
∼99.5% of the current density even after 12 h of operation,
revealing its remarkable long-term stability features (Figure
4I). Also, it surpasses the stability of the benchmark OER
RuO2 electrocatalyst (Figure S9).

The electrochemical properties of the F/BCN catalysts
toward the ORR reaction were also studied. Initially, cyclic
voltametric (CV) measurements were conducted in a conven-
tional three-electrode electrochemical cell in an O2- or N2-
saturated 0.5 M NaOH solution at 50 mV s−1. Figure S10
depicts a well-defined characteristic oxygen reduction peak for
the 10% F/BCN hybrid at ∼0.70 V vs RHE in an O2-saturated
NaOH solution. This peak is also observed for the other F/
BCN catalysts, but at lower potential values, indicating their
lower catalytic activities for the electroreduction of oxygen.24,43

The ORR LSV polarization curves (Figure 5A) show that the
10% F/BCN exhibits an excellent ORR performance with an
onset potential of 0.92 V, a half-wave potential of 0.79 V vs
RHE, and a Tafel slope of 87 mV dec−1 (Figure 5B), which
surpass the values exhibited by the other 0D−2D catalysts and
are comparable to those of the state-of-the-art metal-free
carbon-based electrocatalysts reported to date (Table S7). The
ORR kinetics of the 10% F/BCN catalyst was further explored
by using linear sweep voltammetry at different rotational
speeds from 200 to 1500 rpm (Figure 5C). The corresponding
Koutecky−Levich (K−L) plots revealed important insights
into the kinetics of the interfacial redox reactions at the

Figure 5. (A) LSV curves of F, BCN, 5% F/BCN, 10% F/BCN, 20% F/BCN, 30% F/BCN, and Pt/C for ORR at 2 mV s−1 in 0.5 NaOH. (B) The
corresponding Tafel plots. (C) RDE voltammograms at various rotation rates from 200 to 1500 rpm at a scan rate of 10 mV/s. (D) K−L plots of
the 10% F/BCN heterostructure. (E) MA and SA values for F, BCN, and their hybrids. (F) ECSA normalized LSV plots for the F/BCN
nanohybrids. (G) Gibbs free energy diagram showing the differences of each elementary ORR catalytic step for both BCN and F/BCN
nanohybrids. (H) Volcano plots of ηORR vs ΔG*O. (I) I vs t curve for 10% F/BCN at 0.75 V vs RHE, and the inset shows the comparison between
the LSVs at the initial and after 1000 CV cycles.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c12386
J. Am. Chem. Soc. 2021, 143, 1203−1215

1211

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12386/suppl_file/ja0c12386_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12386/suppl_file/ja0c12386_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12386/suppl_file/ja0c12386_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12386?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12386?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12386?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12386?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c12386?ref=pdf


catalytic surfaces of 10% F/BCN.44,45 The linearity of the K−L
plots of 10% F/BCN (Figure 5D) clearly establishes a first-
order reaction kinetic process.46,47 Furthermore, they show a
very efficient four-electron reduction pathway since the
calculated electron transfer number is 3.85 per O2 molecule.48

The remarkable ORR electrocatalytic properties of 10% F/
BCN are associated with the positively charged N active sites
at the 0D−2D interfaces, which were previously explained.
Additionally, the large number of pyridinic nitrogen atoms in
the BCN nanosheet network of 10% F/BCN nanohybrid
facilitates the oxygen adsorption by providing more Lewis base
sites and reducing the energy barriers.19 We also cannot rule
out the influence of the B−C−N edge groups on the improved
catalytic activity.49 To investigate the intrinsic catalytic activity
of the electrocatalysts, we have calculated the MA, SA, and
TOF; and the results are presented in Figure 5E and Table S4.
The 10% F/BCN hybrid exhibit the highest values.
Furthermore, 10% F/BCN displays the best onset potential
as well as a higher current density than the other hybrids after
normalizing the ORR LSV polarization curves by their
respective ECSAs (Figure 5F), indicating that this hybrid
exhibits the greatest catalytic performance per active unit
toward the ORR process. The Gibbs free energy values for all
the hybrids were calculated to obtain mechanistic insights into
the ORR electrocatalytic performance of the 0D−2D hybrids
(Figure 5G). It is important to note that the third step (*O →
*OH) is the rate-limiting step for the ORR process for all the
F/BCN catalysts.50,51 Noticeably, the 10% F/BCN shows the
lowest rate-limiting potential (0.81 eV), thus decreasing the
energy barrier for the rate-determining catalytic step, which, in
turn, increases the reaction rates. Also, the 10% F/BCN
heterostructure reached the top of the volcano plot, indicating
its superior catalytic performance (Figure 5H). Considering
the possibility of practical applications, we tested the durability
of 10% F/BCN for the ORR reaction using the same
methodology mentioned above in the OER section (Figure
5I: inset). The LSVs that were measured at the initial time and
after CV measurements were plotted together and compared.
There were very small changes in the onset potential and
current density, indicating excellent durability. Additionally,
the 10% F/BCN nanohybrid also demonstrated remarkable
stability for the ORR process with respect to the benchmark
Pt/C as seen in Figure 5I and Figure S11, making it an
excellent candidate for practical applications.
3.4. Overall Water Splitting Application. Taking into

consideration the remarkable HER and OER performances of

the 10% F/BCN, a two-electrode configuration water electro-
lyzer was set up to study the overall water splitting reaction in a
NaOH electrolyte (0.5 M), where the 10% F/BCN catalyst
was loaded on carbon cloth to perform as both the anode and
cathode. As Figure 6A depicts, the 10% F/BCN||10% F/BCN
requires only a cell potential of 1.61 V to reach a current
density of 10 mA cm−2. Remarkably, the electrocatalytic
performance of the 10% F/BCN||10% F/BCN electrolyzer is
comparable and competitive with recently reported water
splitting devices.52−56 The inset in Figure 6A shows the digital
image of the carbon cloth electrodes of the water splitting
device. Many bubbles appear on the carbon cloths,
demonstrating the effectiveness of the assembled overall
water splitting system. Finally, the electrochemical stability of
the 10% F/BCN catalyst was also investigated by conducting
chronoamperometric measurements at 1.61 V (Figure 6B), and
the current densities remain fairly stable (only 9% of the initial
current lost) during the measurement period (i.e., 20 h),
indicative of very good stability.

4. CONCLUSIONS
In summary, we report a new family of supramolecular F/BCN
nanohybrid materials that exhibit tetrafunctional high-perform-
ance electrocatalysis for HER, HOR, OER, and ORR as well
the ability to serve as a dual-purpose electrode for a single-cell
device for water electrolysis. Using a combination of theory
and experiment, we demonstrated that the metal-free 10% F/
BCN nanohybrid material comprises a synergistic arrangement
of the components that form a supramolecular interface with
catalytic properties that exceed the electrochemical stability
performance of existing commercial metal-based catalysts. The
low manufacturing costs and the facile scalable synthesis of the
new supramolecular material will pave the way to a new metal-
free electrocatalysts for hydrogen and oxygen electrochemistry
and related reactions that may have applications in emerging
water treatment and energy storage technologies.
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Figure 6. (A) LSV curve of the overall water splitting process using 10% F/BCN as both cathode and anode in a 0.5 M NaOH solution. The inset
in (A) shows the digital photograph for producing O2 (anode) and H2 (cathode) bubbles on the 10% F/BCN modified carbon cloth electrodes.
(B) Chronoamperometric measurements of 10% F/BCN for H2O electrolysis at 1.61 V for 20 h.
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ison of HER, OER, and ORR performances of 10% F/
BCN with previously reported metal-free electro-
catalysts; XPS survey spectra of 10% F/BCN; UV−vis
spectra of F and 10% F/BCN; UV−vis spectra of 10%
F/BCN before and after HER stability test; TOF
normalized LSVs for HER reaction; long-term stability
of Pt/C for HER and ORR reactions and RuO2 for OER
reaction; CV measurements of the F/BCN electro-
catalysts in N2- and O2-saturated solutions (PDF)
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